We propose analytically and demonstrate experimentally that an ensemble of silicon nanoparticles with different sizes can effectively absorb sunlight. Due to the extinction of silicon from UV to near-infrared region, Mie resonances in silicon nanoparticles dramatically enhance the absorption of solar light. In experiment, silicon nanoparticles dispersed in water worked as excellent sunlight-heat transducers that efficiently harvest sunlight to accelerate heating and vaporization of water by nanoscale local heating. Our study opens up the potential of silicon nanoparticles in various solar-thermal applications.
Introduction
The technology to utilize solar energy for a sustainable society is not limited to photovoltaics. Just as a sheet of black paper can get hot by absorbing sunlight, heat generated from sunlight is an important source of clean energy which people can take advantage of. A typical example is a solar water heater which is often placed on top of a roof to collect solar energy for the water heating. Inside the system there are sunlight absorbers such as tubes or panels, which convert solar energy into thermal energy that is then transferred to water.
A more efficient way of water heating is heating through nanoparticles dispersed in water [1] [2] [3] [4] [5] , which is called nanofluid. In nanofluid nanoparticles are in direct contact to water so the heat generated at nanoparticles transfers directly to the water. To maximaze the use for solar radiation, a sunlight-driven heliotropism [6] is an ideal function to be added.
The composition of nanoparticles determines the efficiency of the nanofluid. While carbon related nanoparticles [7, 8] and nanostructures [9, 10] are obvious choices as black nanomaterials, it is interesting to look into resonating nanoparticles whose absorption cross sections are enlarged. Among different types of resonances, localized surface plasmon resonances can be excited at metallic nanoparticles leading to enormously enhanced near-field intensity and consequently heat localization around the nanoparticles [11, 12] . The applications of such plasmonic heating include photothermal imaging [13] , optofluidics [14] , photothermal therapy [13, 15] , nano-bubble generation [16] [17] [18] [19] [20] [21] and nano-chemistry [22, 23] just to name a few. Recent studies have also explored plasmonic nanoparticles in nanofluid applications [24] [25] [26] .
Another class of resonance is Mie resonance excited at non-metallic nanoparticles. In optical range, the refractive indexes of most of dielectrics are within one to two [27] , thus most of the dielectric nanoparticles are too small to support even the lowest order Mie resonance. However, there are a number of semiconductors whose refractive indexes are larger than three and silicon is one such semiconductor. Since the refractive index of silicon is larger than 3.5 from UV to near infrared (NIR) regimes [27] , Mie resonances can be excited at silicon nanoparticles in those wavelength range [28] [29] [30] [31] . It should be noted that silicon is absorptive below ~1100 nm because of the interband transitions. Therefore, similar to the case with plasmonic nanoparticles, the resonances of silicon nanoparticles below this wavelength region are expected to boost the photothermal conversion [32] with Mie resonances.
In this report, we present analytically and experimentally that silicon nanoparticles have strong light absorptions due to lossy Mie resonances, which efficiently heat up the nanoparticles and the surrounding water. Furthermore, silicon nanoparticles with various particle sizes have different resonant wavelengths ranging from UV to NIR covering the majority of solar spectrum. Our experiment demonstrated that silicon nanoparticles can be effectively heated and the water vaporization rates readily doubled compared to pure water by sunlight illumination. Since the volume fraction of nanoparticles in this nanofluid can be small and silicon is one of the most earth-abundant materials, silicon can be an excellent material for nanofluid that can be adopted for large-scale solar-thermal applications in the future [2, 24] .
Analysis on lossy Mie resonances
We first present the analytically calculated resonant modes on silicon nanospheres based on Mie theory [33] . In our calculation, the complex permittivity of silicon is taken from ref [27] . (shown in Fig. 4 , in the Appendix) and the host index is fixed at 1.33 [34] , which is the refractive index of water in optical range. Figure 1 shows the absorption efficiencies (Q abs s) of silicon nanospheres with different radii ranging from 30 nm to 110 nm. Absorption efficiency is a dimensionless quantity where the absorption cross section is normalized to the geometrical cross section of the sphere. In general, the silicon nanospheres display two or more peaks on the spectra except 30-nm silicon nanosphere. The resonance peak at the longest wavelength corresponds to the magnetic dipole mode and the next peak is the electric dipole mode. The peaks in even shorter wavelengths are the higher order modes. Scattering efficiencies (scattering cross section divided by the geometrical cross section of the sphere, Q scat s) of the same silicon nanoparticles are presented in Fig Since the extinction (imaginary part of the complex refractive index) of silicon is not large in the visible and NIR regimes [27] (see Fig. 4 in the Appendix), all the peaks are rather narrow. Nevertheless, some of the absorption efficiency peaks exceed unity in the visible range, which is promising for strong light absorptions at particular wavelengths. In addition, silicon nanoparticles composed of different sizes can have a broad absorption spectrum as can be anticipated from Fig. 1(a) . In the following experimental section, we show that size distribution of nanoparticles is indeed advantageous for broadband light absorption from UV to NIR covering more than 70 percent of the solar spectrum. 
Materials and methods
In experiment, we used silicon nanoparticles synthesized by thermal plasma method (Nisshin Engineering Inc.) [35] . Figure 2(a) shows the TEM image of the silicon nanoparticles (JEOL, JEM 2100F). All the particles look spherical. From the analysis of TEM images taken for 300 silicon nanoparticles, the particles size ranges from ~40 nm to ~250 nm in diameter and the average size of the particles is ~80 nm (see Fig. 6 (a) in the Appendix). Dynamic light scattering (DLS) measurement was as well carried out (see Fig. 6(b) ) and the average particle size from the DLS analysis is ~285 nm, indicating that some nanoparticles aggregated in water which were not large enough to sink down. The high-resolution TEM (HR-TEM) image (inset of Fig. 2(a) ) confirms a single phase and pure silicon phase is evidenced by power XRD pattern (Rigaku, RINT 2000V/PC) shown Fig. 2(b) . The d-spacing for the (111) peak obtained from the HR-TEM image is 0.313 nm, which matches well to the reference value [36] .
Optical absorbance spectrum of the silicon nanofluid measured by an UV-VIS spectrometer (JASCO, V-570) is shown in Fig. 2(c) . The measured spectrum is rather flat and shows broad extinction from UV to NIR. This is due to the overlapping of the narrow absorption peaks of different sizes as shown in Fig. 1(a) and also confirmed by dark field microscopy (see Fig. 7 in the Appendix). A photograph of the silicon nanofuild at 0.001 vol% is shown in Fig. 2(d) . As seen from the photo, the silicon nanoparticles dispersed very well in water. To examine solar heating properties of the silicon nanoparticles due to sunlight absorption, the weighted silicon nanoparticles were dispersed in pure water and sonicated for a few minutes to form uniform mixture of silicon nanofluids as shown in Fig. 2(d) . Three different concentrations of silicon nanofluids (20 mL each) were prepared in 50 mL beakers.
A commercial solar simulator (San-Ei Electronic, XES-40S1) was used as an artificial sunlight source to illuminate the nanofluids. During the measurements, the beaker containing nanofluid was kept in a white plastic foam. The weight change due to evaporation of water and the temperature rise due to heating were measured by an electric balance (Shimadzu, AUW200D) and a K-type thermos-couple, respectively. The thermos-couple was placed at the bottom of the beaker. A photo of the experimental setup is shown in Fig. 8 . The zero tracking function of the balance was disabled to measure minute weight changes. The weight changes were plotted after subtracting the natural evaporation at the room temperature. During the measurements, the room temperature and the humidity were kept at 21.4 ± 0.2 °C and 41 ± 1%, respectively. The weight losses and the temperature increases caused by the photothermal effect of silicon nanoparticles are shown in Figs. 3(a) and 3(b) , respectively. These results were recorded at the irradiance of 80 mW/cm 2 without focusing. The vaporization rates are higher for higher concentration nanofluids. After 1200 seconds, the vaporized weight for the 0.01 vol% nanofluid increased ~1.6 fold compared to pure water. The temperature increase rates are also higher for higher concentration and temperature increase of the 0.01 vol% nanofluid is 1.8 times higher than that of pure water. Both results indicate that silicon nanoparticles in water are playing a vital role to absorb sunlight and concentrate heat in the nanoscale to heat and vaporize water. Having these results, we define energy conversion efficiency (η) as, η = (E v + E h )/E in , where E v [J] and E h [J] are the energies consumed to vaporize water and heat water, respectively, and E in [J] is the energy of the sunlight which is incident on the opening of the white foam In contrast, the energy conversion efficiency of pure water was 29% at the identical setting. The efficiencies of the other nanofluids are tabulated in Fig. 9(c) in the Appendix. To exemplify the local heating of silicon nanoparticles, in Fig. 3(c) a photo of the silicon nanofluid is shown under the irradiation of focused sunlight at ~800 mW/cm 2 . Even though the temperature of the nanofluid is well below the boiling temperature, steam is visible.
Results and discussion
The results presented in Fig. 3 show great promise of using lossy Mie resonances of silicon nanoparticles for solar water heating and vaporization. The abundance and non-toxic property of silicon make silicon nanofluid attractive for practical applications. In the future, we anticipate that silicon nanofluid systems can replace conventional solar water heating systems and vapor generation from silicon nanofluid can be applied for water distillation.
Conclusion
To summarize, we show that silicon nanofluids show broadband absorption spectrum from UV to NIR covering more than 70 percent of the solar spectrum. Whereas each silicon nanoparticle has narrow absorption, our analytical calculation shows that an ensemble of silicon nanoparticles with various sizes is able to cover wide spectrum. The experiment with a solar simulator showed that silicon nanofluid can nearly double the vaporization and heating speeds compared to those of pure water. Our results indicate that silicon nanoparticles can be used to solar thermal applications such as solar water heating and water distillation. 
